In ground water quality studies multivariate statistical techniques like Hierarchical Cluster Analysis (HCA), Principal Component Analysis (PCA), Factor Analysis (FA) and Multivariate Analysis of Variance (MANOVA) were employed to evaluate the principal factors and mechanisms governing the spatial variations and to assess source apportionment at Lawspet area in Puducherry, India. PCA/FA has made the first known factor which showed the anthropogenic impact on ground water quality and this dominant factor explained 82.79% of the total variance. The other four factors identified geogenic and hardness components. The distribution of first factor scores portray high loading for EC, TDS, Na + and Cl − (anthropogenic) in south east and south west parts of the study area, whereas other factor scores depict high loading for direction. Further MANOVA showed that there are significant differences between ground water quality parameters. The spatial distribution maps of water quality parameters have rendered a powerful and practical visual tool for defining, interpreting, and distinguishing the anthropogenic, hardness and geogenic factors in the study area. Further the study indicated that multivariate statistical methods have successfully assessed the ground water qualitatively and spatially with a more effective step towards ground water quality management.
Ground water is the primary source of drinking water, and it plays a fundamental role in human life and development. Safe potable water is absolutely essential for healthy living. It is ultimate and most suitable fresh water resource for human consumption in urban as well as rural areas. In many areas, ground water is the only available source for drinking purposes. Further it is a finite resource, essential for agriculture, industry and human existence and it plays a key role in meeting the water needs of various user-sectors in India. To sustain and maximize the benefit of this resource, knowledge about the natural hydro-geological and geo-chemical processes, as well as associated human effects on the ground water resource is a must for a comprehensive and complete scientific understanding of the vulnerability of the aquifers to pollution. In this context, rapid increase in human population coupled with expanding urbanization and industrialization has led to a greater imbalance between water availability and demand [1] . As worldwide extraction of ground water is accelerated to meet increasing demand, the significance of the chemical quality of ground water also increases relative to its economic value and usefulness. In recent years, ground water contamination has become an important environmental issue especially in urban areas. Ground water contamination is always the result of human activity in areas where population density is high and human land use is intensive [2] . Virtually any activity whereby chemicals or wastes released to the environment either intentionally or accidentally, has the potential to pollute ground water. When once aquifer becomes contaminated, it is very difficult, expensive and time consuming affair to clean up and may remain unusable for decades. Deterioration of ground water quality due to different geogenic and anthropogenic activities is of great concern, especially in an alluvial aquifer in a coastal area like Puducherry, India [3] [4] . Against this background at Lawspet area in Puducherry, India, the following two human induced activities play a critical role in the ground water contamination scenario [5] . Over drawl of ground water is the only result consequent to these two social events. Due to over exploitation of ground water, all the coastal borewells had been affected and abandoned. Of late Lawspet area in Puducherry which is at a higher elevation, has been identified as a potential source to meet the future water supply requirements. But on the contrary, it is feared that the above said two anthropogenic activities viz., in discriminant MSW dumping and SWW land application may make the ground water unsuitable for domestic purposes in Lawspet area.
Hence it is pertinent to examine the spatial and temporal variations of ground water attributes and to interpret the results of the same to determine the factors affecting the hydro-geochemistry of ground water, so that suitable remedial measures could be suggested to conserve and sustain ground water resources.
Study Area and Current Status
The study area is bounded by latitude 11˚58'16"N and longitude 79˚48'11"E and is located at Karuvadikuppam in Lawspet on the northern part of Puducherry, India. Location map of study area is shown in Figure 1 . The ground falls from 53 m to 6 m ( Figure 1 ) within a radial distance of 2.5 km. Alluvial aquifer is probably, the dominant type of aquifer in the study area. Lawspet area receives its major rainfall from the north east monsoon (65%), and also gets some rainfall from south west monsoon (35%). The rainy season is from October to December.
The study area receives an annual rainfall of about 1200 mm [5] .
The existing Sewage Treatment Plant (STP) at Karuvadikuppam, consists of four facultative oxidation ponds connected in series and the treatment efficiency is about 65%. After treatment the partially treated 12.5 MLD, SWW is discharged directly into a recharge pond located inside STP campus for the past 35 years.
Besides, a portion of STP is used as a MSW dump site for the past 10 years. Here MSW has been dumped indiscriminately and unscientifically in an irregular fashion. So it can be said that in the study area, co-disposal of MSW and partially treated SWW are taking place simultaneously within the same campus [5] . The present work therefore focuses 1) To understand the process of controlling components which govern the chemical constitution of ground water;
2) To distinguish the ground water quality evolution process;
3) To determine the spatial variability of ground water quality using Multivariate Statistical Analysis like Hierarchical Cluster Analysis (HCA), Principal Component Analysis (PCA), Factor Analysis (FA) and MANOVA.
Methodology

Sampling and Testing
Due to spatial and temporal variations in ground water chemistry, a monitoring programme that will provide a representative and reliable estimation of the quality of ground water is necessary. So to accurately represent the groundwater quality, a sampling strategy was designed to cover a wide range of borewells at the key locations. Nearly 125 water supply and agrarian borewells are located within a radial distance of 2. 
Multivariate Statistical Analyses
The sampling and testing strategyso designed involved frequent water samplings and examination of large number of physicochemical parameters, thereby producing a large data matrix, which needs a complex data interpretation. The application of different multivariatestatistical approaches for the interpretation of these complex data matrices offers a better comprehension of water quality and ecological status of the studied systems, and it allows the detection of the possible factors/sources that control the ground water systems and suggests a useful tool for dependable supervision of water resources as well as quick solutions to pollution related problems. The basic aim of such an analysis is to study the hydro-geochemistry of an aquifer using various statistical methods and to assess and ascertain the deterioration of ground water quality [6] [7] . Further these multivariate statistical techniques also verify the spatial and temporal variations which are brought out by natural and anthropogenic factors.
In the present study an effort has been made to carry out detailed and systematic investigation of hydro geochemical parameters and spatial variability of the ground water quality using multivariate statistical methods like HCA, PCA/FA, and MANOVA without losing important information [8] - [18] . The purpose of FA is to ascertain the minimum number of new variables necessary to replicate various attributes of the data by cutting down the original data matrix from one having (n) variables necessary to describe the (N) samples into a matrix with (m) factors (m < n). It also aims at converting the variables so that the axes become orthogonal, which then admits new independent variables.
By this way, the first factor is selected to account for the total variance of the observations to the maximum extent, the second factor to describe the maximum possible residual variance, so on and so forth. In other words, the first factor is evaluated such that the sum of squares of the projections of the points on the factor is highest (factor loadings). Next, to specify the second factor, the points are projected on a plane orthogonal to the first factor and so on for the other factors, each exhibiting less and less of the total variance. On the other hand, the sum of squares of the factor loadings for each variable is the communality and it deliberates the proportion of the total variability of each variable accounted for by the factoring. FA follows three main measures 1) extraction of initial factors 2) rotation of factors and 3) calculation of each factor scores [23] [24] [25] . In this research work PCA/FA are implemented to the hydro-chemical data in the study area to extract principal factors analogous to different sources of variation in the data and to detect the possible source of contamination spatially.
Multivariate Analysis of Variance (MANOVA)
As the ground water samples were collected at various locations and at different points of time, as the borewells are wide spread radially in all directions, as the borewells are positioned within a radial distance of 2.5 kms from the anthropogenic sources and as the ground level drastically falls for more than 47 m, the analysis on the spatial variability was considered very important. Hence, MANOVA was carried out to evaluate the significant effects of spatial differences (variability) on mean concentration of selected physio-chemical variables of ground water [26] [27]. The intention of performing MANOVA is to address the following queries: 
Results and Discussion
Descriptive Statistics
As the borewells are wide spread in all directions and as the ground level difference is more than 47 m in the study area, the data about hydro-geochemistry of the parameters, is very important. As such during this study selected physiochemical properties of the borewells were acquired and considered. Eventhough, the main aim of the study was to statistically establish the spatial variability of ground water quality, it is significant to detail the current status of ground water quality so that the study will be worthwhile to the authorities who are in charge of ground water management and control. were statistically evaluated and documented in Table 1 . Correlation Co-efficient matrix has also been generated in order to identify the inter-parameter relationships and presented in Table 2 .
Spatial Similitude and Clustering
HCA was performed on borewells as well as on the selected ten physio-chemical parameters, to determine the spatial similarities and qualitative affinity among the parameters. Elements belonging to the same cluster are likely to have originated Figure 2 .
The Q-mode HCA (borewell clustering) has been employed to discover the spatial hydro-chemicalresemblance among the borewells. The borewells which are grouped in a particular cluster share similar characteristics in relation to the investigated parameters. The resulted borewell dendrogram ( Figure 3 ) grouped all the 68 borewells into three statistically significant clusters. The cluster wise designated borewells, the regional distribution of borewells and the profile plot of clusters are presented in Table 3 , Figure 4 and Figure 5 . Cluster 1 consists of 28 borewells and falls in the "polluted" category. Cluster 2 includes 8 borewells and can be termed as "highly polluted" and the balance 32 borewells are incorporated in Cluster 3 and this cluster is "non polluted". This cluster shows spatial variation in North-East, North-West, South-East, Figure 5 . Parameter profile plot. South-West parts of study area.
Sampling Adequacy and Bartlett's Sphericity Test
Before FA, the Kaiser Meyer Olkin (KMO) and Bartlett tests were carried out to determine the applicability of the data for FA. KMO is a measure of sampling adequacy and it shows the proportion of variance reflected by the underlying factors. The size of KMO value is not statistically critical, however larger the KMO value more factors are suitable for FA. KMO value > 0.8 is very good and the value < 0.5 is not suitable for FA. Similarly Bartlett's test denotes whether correlation matrix is an identity matrix which would imply that the parameters are unrelated. In a nutshell, it provides the presence of a common factor between relevant matrixes of the parent population, and its statistical significance tests Primarily R-mode PCA/FA was applied for all the borewells as a whole in the study area. The scree plot ( Figure 6 ) has been utilized to distinguish the number of PCs to be employed to comprehend the rudimentary parameters' structure.
Source Identification of Ground Water Contamination
The computed percentage of variance with cumulative percentage explained by each factor together with factor loadings after varimax rotation are listed in Table 5 and Table 6 . The positive scores demonstrate that all the water samples are Figure 6 . Scree plot.
substantially influenced by the presence of extracted loads on a specific component.
Only one factor with eigenvalue > 1 has been extracted from the ground water data matrix, which represents 82.79% of the total variance (Table 5) i.e. the first principal component (PC1) explains more than 82.79% of the total variance.
VF1 is loaded with EC, TDS, Na + and Cl − ( Table 6 ). The parameters Na + (0.797) and Cl − (0.822) are heavily loaded and this factor represents the human induced activities, such as MSW dumping and SWW application on land. In all other components the eigenvalues are <1 indicating that these components are less significant. Consequently all the parameters except Na + and Cl − do not contribute much to the hydro-chemistry of the study area. However, it may be seen from Table 5 and Table 6 that PC2 explains 7.94% of the total variance with VF2
showing strong loading for The scatter plot between VF1 and VF2 of the variables and the score plot between VF1 and VF2 of the borewells is presented in Figure 7 .
As the borewells are located within a radial distance of 2.5 kms. from the polluting sources and as ground elevation falls from 53 m to 6 m, it was decided to perform cluster wise PCA/FA in order to study the inherent characteristic structure of the polluting parameters. R-mode PCA/FA was employed to Clusters 1, 2 and 3 and PCAs, whose eigenvalues > 1 were chosen for study purposes. The variance and cumulative variance of the principal components in all three clusters are presented in Table 7 . Similarly after varimaxrotation, the factor loadings of the significant factors of all the three clusters are given in Table 8 . In Cluster 1, the first PC explained 51.46% of the total variance. From Table 8 for In Cluster 3, first 2 components accounted for 85.214% of the total variance (Table 7) . VF1 ( 
Spatial Change Detection
Q-mode PCA/FA was implemented for the selected ten variables as a whole in the study area to investigate the spatial variability of ground water quality particularly to examine and locate the borewells which contribute to the ground water contamination and to find out the contaminant movement direction [28] [29] [30] [31] . The factor scores after varimax rotation are furnished in Table 9 .
As discussed earlier, VF1 (Table 6 ) corresponds to anthropogenic component in which Na + and Cl − are the contributing parameters to the ground water contamination and when correlated to factor scores of VF1 (Table 9 ) it may be Even though all the five vari factors in Table 9 were considered for study Next Q-mode VF2 (Table 9 ) is related to R-mode VF2 (Table 6) Lastly VF5 (Q-mode) reflects TH and Ca 2+ and borewells like BW24 and BW35
in Cluster 3 are affected to some extent.
The results of PCA/FA for Q-mode (borewells) in comparison to R-mode (parameters) are summarized in Table 10 , which exhibits the overall picture of the borewells that are affected by excess chemical components. The very purpose of using PCA/FA is to address the following questions: Table 10 answers all the above questions.
Sources of Contamination
Conclusively PCA/FA had been applied to the parameters as a whole in the study area and also cluster wise, further different PCs/VFs were investigated and many factors viz., 1) Anthropogenic 2) Geogenic and 3) Hardness responsible for ground water contamination were identified. Next thing is to find out the source of the contamination based on these PCs and VFs. Consequently the following reasons may be attributed to the sources of contamination.
Anthropogenic Component
The excess Cl − in ground water is generally considered as an index of ground water contamination and is mainly due to anthropogenic activities in the study area viz. Also from the correlation analysis it can be seen that a very good correlation exists (r = 0.982) between Na + and Cl − . From this, it is observed that MSW dumping and SWW land application are the main causes for excess Cl − and Na + in ground water in the study area. which is geogenic in nature.
Geogenic Component
• Also the "r" value of 0.734 between 2 4 SO − and Mg 2+ suggests weathering of Mg-sulphate minerals.
• Generally K + is derived from K-feldspar.
• The correlation between Na + and 
SO
− are predominant in the south eastern part of the study area.
Conclusively it is observed that the anthropogenic component is significant in south east and south west directions following the ground elevation. The geogenic and hardness components play a major role in northwest and south west directions.
Also one very important observation is that the ground water in north eastern part of the study area is generally not affected either due to anthropogenic activities or due to geogenic/hardness factors.
MANOVA
Firstly MANOVA was measured to establish the effects of three independent variables i.e. Clusters across all the three clusters and shows good discriminatory ability with the ground water quality parameters.
To establish how the independent and dependant variables interact, the tests between the subjects effects, is given in Table 13 . It can be seen from Table 13 , that clusters (spatial distribution) has a statistically significant effect on all the physio-chemical parameters, for example for EC, F (2, 65) = 302.28, p < 0.005.
Similarly for all other parameters it can be interpreted in the same manner based on the values in Table 13 . 
Geo-Statistical Mapping
Ordinary Kriging (OK) is an effective tool for initial decision making of ground water quality management. OK interpolation technique has been employed using ArcGIS (version 10.2) for developing spatial distribution maps of ground water data set (n = 68 borewells) based on PC/VF scores ( Table 9 ). Spatial distribution of VF1 scores in Figure 8 reveals high scores (EC, TDS, Na + and Cl − ) in south east and south west parts of the study area. The high scores correspond to anthropogenic activities in and around STP. Spatial distribution of VF2 and VF5 in Figure 9 and Figure 10 shows high scores ( work out an optimal strategy to reduce the number of borewells (sampling points) and recurring costs. PCA/FA was used to examine the interdependence of the physio-chemical data and for distinguishing various sources which are accountable to ground water contamination and to summarize the data with least information loss. PCA/FA discloses that anthropogenic, geogenic and hardness factors are responsible for ground water pollution and these factors explained more than 82.79% of the total variance. The Q-mode PCA/FA identified the borewells which are badly affected by the pollution. In other words, the spatial variability of ground water quality has been established. Anthropogenic and TH. Convincingly, it is established that anthropogenic operations affected the ground water sources in south east and south west parts of the study area, following the ground elevation. The geogenic and hardness factors affected the ground water in northwest and south west directions. By and large, the north eastern portion of the study area is unaffected. The one-way MANOVA test revealed that there are significant mean differences between EC, TDS, 
Conclusions
SO
− , Na + and K + , at p < 0.005. The mean differences between Clusters 1, 2 and 3 also show that they are significantly different for all physio-chemical parameters.
The resulting spatial distribution maps based on Q-mode factor scores provide a beneficial and powerful visual tool for researchers and decision makers towards specifying adaptive procedures. This study contributes background information on physio-chemical parameters, polluting chemicals, contaminating factors, potential sources and spatial variation in ground water quality at Lawspet, Puducherry, India.
